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1. Introduction
  

	 Brown seaweed, especially the Sargassum 
cristaefolium species, is an abundant natural resource in 
Indonesian waters (Prasedya et al. 2021b) and is known 
to be rich in bioactive compounds that have the potential 
to be developed in the necessities of functional foods, 
health supplements, herbal products, and pharmaceutical 
industries. Bioactive compounds, e.g., phenolics, 
terpenoids, alkaloids, saponins, tannins, and steroids, 
are important for health. They have a significant role in 
the prevention and treatment of various chronic diseases 
such as antioxidants, anticancer, anti-inflammatory, 
antidiabetic, cardioprotective, etc. (Payghami et al. 

2015). The increasing requirement for safe and effective 
natural health products encouraged further work to 
extract bioactive compounds efficiently.
	 In recent decades, attention has been paid to the 
development of efficient technologies for extracting 
bioactive components. The extraction of bioactive 
components from natural materials has developed rapidly 
using various techniques, one of which is microwave 
technology. Microwaves, as an extraction technology, 
had advantages in terms of time and energy efficiency, 
as well as the ability to increase the yield and purity 
of the extracted compounds (Amarante et al. 2020). 
Lourenço-Lopes et al. (2023) add that this technology 
could provide advantages such as faster process time, 
increased yield, and natural loss reduction of extracted 
bioactive components than conventional methods.

Bioactive components are essential ingredients of functional foods, supplements, 
pharmaceuticals, etc. Sargassum cristaefolium brown seaweed, as an Indonesian 
marine resource, provides promising bioactive components. The present study was 
to extract the total bioactive components of S. cristaefolium with a microwave 
instrument. The extraction method was done serially using different polarity solvents 
(1st-stage: non-polar, 2nd-stage: semi-polar, Final-stage: polar). Yielded extracts were 
analyzed for bioactive compounds, functional groups, total phenolic and flavonoid, 
and antioxidative activities. The results showed that all staged extractions obtained 
bioactive compounds with various characteristics. However, the 2nd-stage extract 
was superior, and it exhibited the highest total phenolic and flavonoid (17.53±0.78 
mg GAE/g, 72.64±3.01 mg QE/g), the richest volatile bioactive compounds 
(neophytadiene and phytol were dominant), and the predominant bioactive compound 
of antioxidative (oleoylethanolamide). Their functional groups confirmed the structure 
of antioxidative phenolic molecules: C―C stretching skeleton (phenyl/aromatic 
core), C―H stretching, C―H bending, and O―H stretching. The strongest primary 
(1439.84±63.02 µg/ml) and secondary (389.73±16.71 µg/ml) antioxidant activities 
were presented by the 2nd-stage extract. The efficiency of MAE and the potential of 
S. cristaefolium were promising for developing functional foods and pharmaceuticals 
that relate to antioxidants in the future.

Article history:
Received December 18, 2024
Received in revised form February 2, 2025
Accepted February 11, 2025

KEYWORDS:
Antioxidative, 
Bioactivity, 
Functional food, 
Health,
Marine algae, 
Microwave

* Corresponding Author
	 E-mail Address: rohim@itsnupasuruan.ac.id

 Vol. 32 No. 4, July 2025 859-878
DOI:10.4308/hjb.32.4.859-878

ISSN: 1978-3019
EISSN: 2086-4094

H A Y AT IH A Y AT I
Journal of BiosciencesJournal of Biosciences

Research Article

ABSTRACTARTICLE INFO

Copyright (c) 2025@ author(s).

https://crossmark.crossref.org/dialog/?doi=10.4308/hjb.32.4.859-878&domain=pdf
https://creativecommons.org/licenses/by-nc/4.0/


	 In the present study, microwave technology was 
applied to extract the total bioactive components of 
Sargassum cristaefolium brown seaweed based on the 
polarity of the solvent used sequentially, namely non-
polar, semi-polar, and polar. The bioactive component 
contents were comprehensively analyzed to know 
their antioxidative activities and bioactivity or health 
benefits. Accordingly, their potential application for the 
requirement of pharmaceuticals and functional food can 
be more promising in the future.
  
2. Materials and Methods

2.1. Material
	 The main material for the present study was 
Sargassum cristaefolium brown seaweed obtained from 
Indonesian waters at Bimorejo Beach, Banyuwangi 
Regency, East Java, Indonesia (-7.94000066216285, 
114.42341937569608). This seaweed was collected from 
the beach in fresh condition and then washed with fresh 
water to remove sand, salts, and other interference dirt 
before being dried at a low temperature, viz. 40°C until 
10% moisture content as dry matter according to the 
Susilo et al. (2022) method. After drying, Sargassum 
cristaefolium was crushed into a fine powder (50 mesh) 
using a conventional grinding machine. Sargassum 
cristaefolium powder was then used for the extraction 
process.
	 Chemicals: n-hexane, ethyl acetate, methanol, 
2,2-diphenyl-1-picrylhydrazyl (DPPH), butylated 
hydroxytoluene (BHT), ascorbic acid, ferrous chloride, 
ferrozine, ethylenediaminetetraacetic acid (EDTA), 
folin-ciocalteu reagent, sodium carbonate, gallic 
acid, quercetin, natrium nitrite, aluminum chloride 
hexahydrate, sodium hydroxide, acetonitrile, formic 
acid, and potassium bromide used an absolute grade 
purchased from Merck Group (Darmstadt, Germany).

2.2. Extraction Process Serially
	 The extraction of bioactive components in Sargassum 
cristaefolium was carried out using microwave-assisted 
extraction (MAE) (Susilo et al. 2023a), which has been 
proven to be efficient and quick in separating bioactive 
compounds from natural materials. The extraction 
process was employed serially with different polarity 
solvents consisting of n-hexane, ethyl acetate, and 
methanol in consecutive. The n-hexane, ethyl acetate, 
and methanol had different relative polarities based 
on the empirical solvent parameter EN

T value (0.009, 
0.228, and 0.762, respectively, indicating low polarity 

to high polarity) (Reichardt and Welton 2010), so they 
are chosen to correspond on comprehensive polarity 
characteristics of phytochemicals i.e. non-polar/low 
polarity, semi-polar/medium polarity, and polar/high 
polarity. As (Susilo et al. 2023a, 2023b, 2024) studies, 
solvents with different polarity characteristics (non-
polar up to polar) were proven to extract phytochemicals 
of various polarities completely (such as terpenoid, 
phenolic, alkaloid, saponin, and amino acid derivatives).
	 Initially, Sargassum cristaefolium powder was 
weighed as much as 2.5 g (powder/solvent ratio 
1:20 g/ml), and each solvent volume was put into an 
extraction container in an MAE machine. Specific MAE 
(Multiwave PRO-Anton Paar) parameters were set as 
follows:  magnetron frequency 2455 MHz, temperature 
50°C, power 524 W, pressure 4.2 bar, pressure rate 0.5 
bar/s, rotor speed 3 rpm, air humidity 66%, sample 
stirrer at high speed, and for 5 minutes run time. 1st-
stage extraction with non-polar/n-hexane solvent, then 
after dried powder residues, were re-extracted. 2nd-stage 
extraction with semi-polar/ethyl acetate solvent, then 
after dried powder residues, were re-extracted for the 
final stage. Final-stage extraction with polar/methanol 
solvent. The powder residue drying of each extraction 
stage was conducted with an oven (Memmert) at 40°C 
until a constant mass was reached or the solvent residues 
were free. Figure 1 exhibits the extracts obtained from 
extraction process repetitions up to 4 times at each 
extraction stage. These are to ensure that the bioactive 
components in Sargassum cristaefolium have been 
extracted exhaustively. In the extraction process 
repetitions, all used extraction procedures and MAE 
machine settings were equal. Finally, all extraction 
results (Figure 1) were evaporated with a rotary 
evaporator (Heidolph Korea Ltd.) to free the solvents 
so, yielding the pure extracts, namely 1st-stage extract 
(non-polar/n-hexane), 2nd-stage extract (semi-polar/ethyl 
acetate), and final-stage extract (polar/methanol). The 
extracts were analyzed in the next step.
	 As the control extract, distilled water (pH 7) 
substituted the organic solvents in the extraction process 
with both the method and MAE settings, which were 
equal.

2.3. Analysis of Bioactive Compounds
	 All yielded extracts from each stage were 
analyzed and identified as the content of their 
bioactive compounds. The analysis instruments were 
employed, including Liquid Chromatography-High 
Resolution Mass Spectrometry (LC-HRMS) (Thermo 
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1st-stage extract by non-polar solvent

2nd-stage extract by semi-polar solvent

Final-stage extract by polar solvent

Figure 1.  The serial extraction process with MAE obtains the extracts up to 4-time repetitions on each stage (1st-stage, 2nd-stage, and 
final-stage extracts). Explanation: the final repetition (IVth) on each stage possesses the clearest colour, it justifies that bioac-
tive components have been extracted maximally since the clear colour is the solvent's own. Additionally, the extraction process 
repetitions are sufficient up to 4 times to save the employing cost of solvents. Thus, the extraction process is finished at IVth 
repetition of each stage extract



Scientific Q Exactive Ultimate 3000 by Thermo 
Fisher Scientific Inc.-Waltham, Massachusetts, USA.), 
Gas Chromatography-Mass Spectrometry (GC-
MS) (Shimadzu GCMS-QP2010 Ultra by Shimadzu 
Corporation-Tokyo, Japan.), Fourier-transform infrared 
spectroscopy (FTIR) (FTIR8400S by Shimadzu 
Corporation-Tokyo, Japan.), and Microplate Reader 
(SPECTROstar Nano by BMG LABTECH-Ortenberg, 
Germany).

2.3.1. Quantification of Total Phenolic and 
Total Flavonoid
	 The total phenolic content of Sargassum 
cristaefolium extracts was quantified by analysis 
following the Susilo et al. (2023a) method. The method 
is similar without any modifications, with the result 
expressed as mg GAE/g.
	 The total flavonoid content was determined using 
the Deng et al. (2015) method with slight modifications. 
The reduction of test liquid volumes was modified to 
conform to the used analysis instrument, which is the 
Microplate Reader in the current study. In the Costar 
96-well plate flat bottom, extracts/standard (75 µL) 
and NaNO2 5% (22.5 µL) were dropped, the mixture 
was shaken and then incubated for 5 min at ±25°C. 
Thereafter, AlCl3 10% (22.5 µL) was added with 
similar both shaking and incubating again. NaOH 1M 
(150 µL) was added, and then the overall mixture was 
shaken and incubated (15 min, ±25°C) for the final 
reaction. The absorbance of the reaction mixture was 
read using the Microplate Reader at 415 nm. The total 
flavonoid content in the extracts was calculated based 
on the quercetin standard curve and expressed in mg 
QE/g.
 
2.3.2. Analysis of Volatile Bioactive 
Compounds
	 The volatile bioactive compounds on Sargassum 
cristaefolium extracts were identified using GC-MS 
with qualitative analysis. Majchrzak et al. (2018) 
noted that either qualitative or quantitative analysis of 
the volatile phytochemical compounds in the natural 
products could be determined using GC-MS by the 
GC-MS principles to compare the detected spectra of 
samples with the compound libraries. One μl diluted 
extract solution in the methanol was injected directly 
without any derivatization. Helium was a carrier gas 
in the mobile phase. The total flow rate was 54.2 ml/
min with the oven temperature program for retention 
time: initial rate (150°C, 1 min hold time), then up rate 
(15°C/min, 220°C, 22.33 min hold time, up to 28 min 

total run time), and pressure in 13.32 psi. The capillary 
column as a stationary phase used HP-5MS 5% Phenyl 
Methyl Siloxane (Agilent 19091S-433) with the size: 
325°C max, 30.0 m × 250 µm × 0.25 µm, and average 
velocity: 38 cm/s. The detected chromatogram spectra 
were then analyzed by NIST02 and WILEY275 
libraries. The PubChem page and the scientific evidence 
searched for the bioactivity or potential health benefits 
of the detected volatile compounds.

2.3.3. Analysis of Metabolomic Bioactive 
Compounds
	 Various metabolomic bioactive compounds 
contained in Sargassum cristaefolium extracts were 
identified with LC-HRMS using the non-targeted 
screening method (Susilo et al. 2020). LC-HRMS, 
as an advanced method, was completely recognized 
for bioactive compound identification. It possesses 
high mass resolution and high calculation on the 
mass accuracy of each detected single compound for 
LC-HRMS analysis of the Sargassum cristaefolium 
extracts, fully equaled the Susilo et al. (2020) method 
without any modifications. After all compounds were 
identified, their bioactivity or potential health was 
searched using the PubChem page and the scientific 
evidence.

2.3.4. Analysis of Functional Groups
	 FTIR analysis determined the functional groups 
of Sargassum cristaefolium extracts to confirm the 
elucidation of its bioactive compound structures. 
Briefly, using the Moubayed et al. (2017) method, 0.1 
g of Sargassum cristaefolium extracts and 0.1 g tablet 
of potassium bromide (KBr) were mixed. Thereafter, 
the mixture was formed into pellets or salt discs with 
3 mm diameter through a strong pressing process. The 
pellets were inserted into the FTIR instrument, which 
has been set with wavelength 4000-400 cm-1 for spectra 
recording. Finally, data results were obtained from 
standard software possessed by the instrument.

2.4. Evaluation of Antioxidant Capacity
	 Sargassum cristaefolium extracts were evaluated for 
their antioxidant capacity, both primary antioxidants 
on free radical scavenging and secondary or preventive 
antioxidants on chelating of pro-oxidant ferrous ions. 
The primary antioxidant was tested on scavenging 
DPPH free radicals by following the Susilo et al. 
(2023b) method similarly, without any modification 
applied.
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	 Meanwhile, the preventive antioxidant on chelating 
of pro-oxidant ferrous ions used the Končić et al. 
(2011) method. Costar 96-well plate flat bottom, 
the extracts solution (150 μL) in the methanol and 
0.25 mM FeCl2 solution (50 μL) were added and 
subsequently incubated for 5 min. Afterward, 1.0 mM 
ferrozine solution (100 μL) was added and incubated 
for 10 min at room temperature, then absorbance was 
read at 545 nm. As a control, a reaction mixture in 
methanol without the samples (150 μL) instead of the 
sample solutions. EDTA was applied as the chelating 
standard. The chelating activity of pro-oxidant ferrous 
ions was determined using the equation [1] below, and 
the value was expressed in IC50, viz., the concentration 
to chelates 50% of Fe2+ ions.

3. Results

3.1. Total Phenolic and Total Flavonoid 
Content

Figure 2, the content of the total phenolic and 
flavonoid in Sargassum cristaefolium brown seaweed 
extracts revealed variations across the three extraction 
stages. The second-stage extract (semi-polar solvent) 
exhibited the highest total phenolic (17.53±0.78 mg 
GAE/g) and flavonoid (72.64±3.01 mg QE/g) content 
significantly at p<0.05. Conversely, the first-stage 
extract was the lowest significantly (total phenolic = 
9.76±0.33 mg GAE/g, total flavonoid = 33.44±1.36 mg 
QE/g). The results indicated a more selective phenolic 
and flavonoid compound of Sargassum cristaefolium 
solubility in semi-polar environments. The control 
extract had a lower total phenolic (2.75±0.11 mg 
GAE/g) and flavonoid content (0.78±0.03 mg QE/g) 
than the extracts from organic solvents since using 
distilled water in the extraction process, which 
is suitable for the polarity characteristic of those 
compounds. Meanwhile, several previous research 
reports that Sargassum cristaefolium extraction with 
other technologies, either conventional or advanced 
(Table 1), exhibits total phenolic and flavonoid, as 

Chelating 
activity = × 100 Eq. [1]Abs.control - Abs.Sample

Abs.Sample
2.5. Statistical Calculation
	 Quantitative data of three replications were 
presented on average ± standard deviation. Significant 
analysis used a group-randomized design with analysis 
of variance (ANOVA) was worked by Minitab 18 
software, hereafter Tukey test at p<0.05 to present a 
significant difference.

Figure 2. Total phenolic and total flavonoid content of Sargassum cristaefolium brown seaweed extracts
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Table 1. Comparison with previous research for bioactive component extraction methods of Sargassum cristaefolium brown seaweed

*:expressed as mg phloroglucinol equivalent/g, **: expressed as mg rutin equivalents/g, -: not analyzed, UAE: ultrasonic-assisted 
extraction, MAE: microwave-assisted extraction

Extraction method Solvent ResearchTotal phenolic 
(mg GAE/g)

Total flavonoid 
(mg QE/g)

IC50 of DPPH 
antioxidant (μg/ml)

Maceration

Maceration

Cold maceration

Sonication

Maceration

UAE

Maceration

Sonication

MAE

Ethanol

Methanol:Water 
(1:1)

Ethanol

Chloroform : 
Methanol : 
Water (2:1:0.5)

Ethanol 96% 

Ethanol 96% 

Methanol

Methanol

n-hexane, ethyl 
acetate, and 
methanol, 
serially

(Prasedya et al. 
2021b)

(Lann et al. 
2012)

(Prasedya et al. 
2021a).

(Sunarwidhi et 
al. 2023)

(Sunarwidhi et 
al. 2022)

(Sunarwidhi et 
al. 2022)

(Saraswati et al. 
2020)

(Silva et al. 
2022)

Present research

66.13

*0.80

43.27

-

≈10

≈45

2.07

1.27

9.76 - 17.53

-

-

70.27

-

≈500

≈600

-

**17.10

33.44 – 72.64

737.30

-

202.70

206.70

-

-

-

-

2520.75 – 1439.84

Process

1:5 (w/v), 48 h

40°C, 3 h

1:10 (w/v), 30 min, 
sample powder size 
<45 μm

15 min, sample powder 
size of 40 μm, 
centrifugated to separate 
the lipophilic extract

1:10 (w/v), 24 h

1:10 (w/v), 30 min, 30 
kHz

1:10 (w/v), room 
temperature (29±2°C), 
24 h

1:20 (w/v), 30 min 
at 55°C, and after 
sonication then shaken 
for 4 h (300 rpm)

1:20 (w/v), 50°C, 5 min, 
sample powder size of 
297 μm, 2455 MHz

well as antioxidative capacity that varies. Case by 
case depended on the extraction process, including the 
solvents used, extraction time, temperature, solvent/
sample ratio, and material size. Nevertheless, MAE 
technology could extract Sargassum cristaefolium 
components within a short time, and its extract yield 
efficiency is competitive.

3.2. Abundance of Bioactive Compounds
3.2.1. Bioactive Compounds Reported by 
GC-MS

The GC-MS analysis identified multiple volatile 
bioactive compounds contained in the three extraction 
stages of Sargassum cristaefolium brown seaweed. 
Table 2 summarizes these findings, including their 
chemical structures, molecular weights, and relative 
percentages. The second-stage and final-stage 
extracts contained a higher abundance of volatile 
bioactive compounds (a total of 9 compounds). 
Notable compounds of the 2nd-stage extract, i.e., 
neophytadiene (7.45%), phytol (7.45%), and l-(+)-
ascorbic acid 2,6-dihexadecanoate (4.64%), which 
are associated with antioxidant, anti-inflammatory, 
anticancer, cardioprotective, etc., properties. Notable 

compounds of the final-stage extract included hexyl 
cinnamic aldehyde (10.90%), 9-tricosene (7.30%), 
and 1-hexacosene (4.17%), which are associated with 
antioxidant, anti-obesity, antimicrobial activities, 
neuroprotective, etc., activities. Meanwhile, the 1st-
stage extract had the lowest abundance of volatile 
bioactive compounds (total = 5 compounds) 
with notable compounds i.e. phenol, 2,4-bis(1,1-
dimetiletil) (5.84%), its bioactivity highlighting more 
antimicrobial potential.

3.2.2. Bioactive Compounds Reported by LC-
HRMS 

LC-HRMS analysis provided a detailed profile 
of metabolomic bioactive compounds, as shown in 
Table 3. The extraction of Sargassum cristaefolium 
brown seaweed successfully separated metabolomic 
compounds based on the used solvent polarity. The 
total metabolomic bioactive compounds of the 1st-
stage were more than the final stage and more than 
the 2nd-stage extracts successively (12, 10, and 7 
compounds, respectively). The 1st-stage extract 
predominantly contained tolbutamide, 5-fluoro emb-
fubinaca, and choline bioactive compounds, with 
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Table 2. Volatile bioactive compounds determined by GC-MS on Sargassum cristaefolium extracts

Bioactive compounds

Phenol, 2,4-bis(1,1-
dimetiletil)

Isololiolide

Neophytadiene

1-Hexadecene

9-Tricosene

Cyclotetracosane

Phytol

Bioactivity/health beneficial reports

Antioxidant, anti-inflammatory, and 
whitening Effects (Lee et al. 2007)

Neurodegeneratif protections (Kim et 
al. 2017)

Anti-cancer (cytotoxic activity) (Golam 
Mostofa et al. 2021)

Antidiabetes (T and Vigasini 2021)
Antibacteria (Gupta et al. 2021)
Antifungal (Ren et al. 2019; Devi et al. 

2021)
Antiviral (Sharaf 2020)
Anti-protozoal parasite (Malekhayati et 

al. 2024)
Anticancer (Vizetto-Duarte et al. 2016; 

Aïssaoui et al. 2019)
Anti-protozoal parasite (Lima et al. 

2019)
Anticholinesterase for Alzheimer's 

disease (Xu et al. 2022)
Anti-inflammatory (Huang et al. 2024)
Antioxidant (Ratnayake et al. 2013; 

Rengasamy et al. 2019)
Antitubercular activity for TBC (Zhao 

et al. 2014)
Antioxidant (Cheng et al. 2015; 

Bryology et al. 2024)
Anti-inflammatory, cardioprotective 

(Bhardwaj et al. 2020)
Anticholinesterase (Olasehinde et al. 

2021)
Neurodegenerative protection 

(Gonzalez-Rivera et al. 2023)

Antimicrobial, antioxidant (Mou et al. 
2013)

Antifungal (Gołebiowski et al. 2015; 
Aswani et al. 2023)

Antimicrobial  (Makajanma et al. 2020)
Antioxidant, anticancer (Rahamtulla et 

al. 2023)

Antioxidant (Okpala et al. 2022; 
Onanuga and Okpala 2022)

Hepatoprotective activity (Gupta et al. 
2019)

Antimicrobial (Pejin et al. 2014b)
Anti-cholinesterase (Olasehinde et al. 

2021)
Anti-tumor malignant (Thakor et al. 

2016)
Neuroprotective on neurodegenerative 

disease (Vahdati et al. 2022)
Anti-inflammatory (Silva et al. 2014)
Immunostimulant (Hoseini et al. 2021)
Anticancer (Pejin et al. 2014a)
Anxiolytic, antinociceptive, antianxiety 

(Islam et al. 2018)

% Relative
Formula

C14H22O

C11H14O2

C20H38

C16H32

C23H46

C24H48

C20H40O

206.32

178.23

278.52

224.42

322.61

336.63

296.53

4.088

5.888

6.351

4.562

5.974

7.334

6.351

5.84

-

-

-

2.47

-

5.52

1.41

2.26

7.45

0.67

1.15

2.93

7.45

1.21

-

-

-

7.30

-

-

MW (g/mol) RT (min)
1st-stage 
extract

2nd-stage 
extract

Final-stage 
extract



Table 2. Continued

Bioactive compounds

Total

-: not present, MW: molecular weight, RT: retention time	

l-(+)-Ascorbic acid 
2,6-dihexadecanoate

cis-9-Hexadecenal

1-Nonadecene

Triacetin

Lilial

Methyl 
dihydrojasmonate

Hexyl cinnamic 
aldehyde

17-Pentatriacontene

Hexatriacontane

1-Docosene

1-Hexacosene

Bioactivity/health beneficial reports

Antioxidant (Younes et al. 2021)
Antimicrobial, antitumor (Karthikeyan 

et al. 2014)
Anticancer (Bahrun et al. 2023)
Antifungal (Hoda et al. 2019)
Anti-inflammatory (Alves et al. 2021)
Antioxidant, antibacteria (Gahtori et 

al. 2024)
Antioxidant, antimicrobial (Heng et 

al. 2020)

Antioxidative, immunomodulatory 
(Erukainure et al. 2016)

Antiobesity (Islas-Garduño et al. 
2023)

Antioxidant, antibacteria (Esmaeili 
and Jafarzadeh 2016)

Anticancer (Charles and Darbre 2009)

Anti-tumor, anticancer (Yehia et al. 
2017)

Antileukemia (Abou-Elnour et al. 
2024)

Anti-fatigue (Nishimura et al. 2024)
Skin rejuvenation (Olejnik et al. 2018)
Antioxidant, antimicrobial (Sova 

2012)
Antiinflammatory, anticancer, 

antibacterial, antiarthritic (G et al. 
2018)

Anti-inflammatory (Esmat et al. 2020)
Antimicrobial (Xuanji et al. 2016)
Antioksidant, antibacterial (Park et al. 

2024)

Neuroprotective (Nmeazi et al. 2024)

% Relative
Formula

C38H68O8

C16H30O

C19H38

C9H14O6

C15H20O

C13H22O3

C15H20O

C35H70O

C36H74

C22H44

C26H52

652.95

238.41

266.50

218.20

204.30

226.31

216.32

490.93

506.97

308.58

364.69

7.763

10.203

4.562

2.916

4.265

5.088

5.796

5.991

8.380

9.986

7.768

-

-

0.80

-

-

-

-

-

-

-

2.90

4.64

2.47

-

-

-

-

-

-

-

-

-

-

-

-

0.57

0.92

3.65

10.90

3.19

1.35

3.92

4.17

MW (g/mol) RT (min)
1st-stage 
extract

Contains 5 
bioactive 

compounds

2nd-stage 
extract

Contains 9 
bioactive 

compounds

Final-stage 
extract

Contains 9 
bioactive 

compounds

their bioactivities such as neuroprotective, anti-
angiogenesis, hypoglycemic effects, etc. The final 
stage extract had dominant bioactive compounds, 
i.e., tolbutamide, betaine, and valpromide, with 
bioactivities including anti-diabetes, antioxidant, 
anti-inflammatory, neuroprotective, anticancer, 
antiepilepsy, etc. In the 2nd-stage extract, the bioactive 
compounds of tolbutamide, oleoylethanolamide, 
and R-Palmitoyl-(2-methyl) ethanolamide were 
predominantly. The result revealed the advantage of 
serial extraction with different polarity solvents in 
maximizing the extracted compound diversity.

3.3. Identification of Functional Groups 
FTIR spectra analysis confirmed the presence 

of functional groups characteristic of bioactive 
compounds in Sargassum cristaefolium extracts. These 
functional groups confirmed the bioactive compound 
profiles determined by GC-MS, LC-HRMS, phenolic, 
and flavonoid. All extract stages (1st-stage, 2nd-stage, 
and final-stage); the identified functional groups 
including C-H in-plane bending (phenyl ring) at 950-
1250 cm-1, C-O stretching and O-H in-plane bending 
coupled (phenol) at 1310-1410 cm-1, C-C stretching 
skeletal (phenyl nucleus) at ≈1450 cm-1, and C-H 
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Table 3. Metabolomic bioactive compounds determined by LC-HRMS on Sargassum cristaefolium extracts

Bioactive compounds

Tolbutamide

Choline

Oleamide

5-Fluoro emb-
fubinaca

α-Eleostearic acid

Amobarbital

Oleoylethanolamide

Sinefungin

Neohesperidin 
dihydrochalcone

Paclitaxel
Erucamide

Ascorbyl palmitate

R-Palmitoyl-
(2-methyl) 
ethanolamide

2-(14,15-
	 Epoxyeicosatrienoyl) 

glycerol
Ethylene glycol 

tetraacetic acid 
(EGTA)

Bioactivity/health beneficial 
reports

Anti-diabetes (Chakraborty et 
al. 2017)

Essential nutrient (Zeisel and Da 
Costa 2009)

Neuroprotective (Blusztajn et 
al. 2017)

Anti-inflammatory (Ameamsri et 
al. 2020)

Anti-angiogenesis (AL-Eitan 
and Kharmah 2024)

Antioxidant (Saha and Ghosh 
2009)

Anticancer (Grossmann et al. 
2009)

Anti-tumor (Tsuzuki et al. 2004)
Antioxidant, osteoartritis 

protection (Quarterman et al. 
2022)

Antiobesity, analgesic effect 
(Thabuis et al. 2008)

Anti-inflammatory, 
immunomodulatory, 
antioxidant (Ghaffari et al. 
2020)

Anti-infection (Nolan 1987)
Antiviral (Kuroda et al. 2019)
Anti-oxidative, anti-

inflammatory, 
hepatoprotective (Hu et al. 
2014)

Neuroprotective for Alzheimer 
disease (Chakraborty et al. 
2018)

Anticancer (Sati et al. 2024)
Antidepressant, anti-anxiety (Li 

et al. 2017)
Alzheimer disease protection 

(Kim et al. 2018)
Antioxidative (Imran et al. 

2024)
Analgesic, anti-inflammatory 

(D’aloia et al. 2020)

Anti-inflammatory, antioxidant 
(Zeng et al. 2024)

Antioxidative (Song et al. 2014)

Area (Max.)
Formula

C6H11N3O2

C5H14NO+

C18H35NO

C24H39O2P

C9H36N8O2

C11H18N2O3

C20H39NO2

C12H21PS

C26H22O3S

C8H10N2O3

C19H39N2OP

C17H36N2S

C19H39NO2

C22H43NO2P2

CHN5S

156.02

101.99

281.26

390.27

278.22

198.16

307.28

228.11

414.13

182.07
342.28

300.26

283.28

415.28

114.99

1.097

0.944

16.493

18.676

14.903

13.558

16.993

10.628

19.908

9.697
8.919

17.541

19.317

12.853

1.016

316,855,563

9,918,837

8,501,082

17,484,928

1,858,848

1,271,891

658,780

388,025

270,903

194,153
169,357

341,373

-

-

-

2,044,609,839

-

8,141,256

-

331,046

-

498,731,199

-

-

-
-

-

9,506,593

5,207,260

1,494,797

3,063,470,413

-

4,104,772

1,883,392

-

-

706,588

-

-

-
-

665,191

9,066,148

3,924,810

-

MW (g/mol) RT (min)
1st-stage 
extract

2nd-stage 
extract

Final-stage 
extract



stretching (aromatic) at 3000-3100 cm-1, was detected 
across all extract stages to indicate phenolic structures. 
Flavonoid structures were detected by their specific 
functional groups, i.e., substituted benzene ring (C-H 
and C-C bending) at 675-900 cm-1, C-H stretching 
(aromatic) at 3000-3100 cm-1, and O-H stretching 
bonded (polymeric hydroxy) at 3200-3400 cm-1. The 
functional groups ofalkenes (C=C stretching at 1600-
1650 cm-1) andalkanes (C-H stretching at 2843-2955 
cm-1) were detected in all extracts as well. They confirm 
the presence structure of hydrocarbon compounds 
such as oleamide, oleoylethanolamide, erucamide, 
monoolein, phytol, 9-tricosene, cis-9-hexadecenal, 
and 17-pentatriacontene. The presence of functional 
groups of phenyl and aromatic family prominent on the 
2nd-stage extract was associated with its high phenolic 
and flavonoid total, as well as antioxidant activities 
(Figures 2-4).

3.4. Antioxidant Activity 
Primary antioxidant activity of Sargassum 

cristaefolium extracts (Figure 3), the scavenging 
ability of extracts against free radicals showed that 
the 2nd-stage extract exhibited the lowest or best IC50 
value significantly at p<0.05 (1439.84±63.02 µg/ml), 
indicative of superior radical neutralization potential. 
The final-stage extract (2520.75±135.69 µg/ml) 
followed closely, with moderate activity observed 
for the 1st-stage extract (2054.09±68.15 µg/ml). 
Although the antioxidant activity of the sequenced 
extracts of Sargassum cristaefolium was fainter than 
both synthetic antioxidants (BHT = 3.99±0.18 µg/
ml) and food-standard antioxidants (Ascorbic acid =  

1.19±0.05 µg/ml), it was significantly stronger than 
the antioxidant activity of the distilled water control 
extract (30512.30±460.20 µg/ml).

Preventive antioxidant activity of Sargassum 
cristaefolium extracts, the chelating capacity for 
Fe2+ ions was presented as IC50 values (Figure 
4). The chelation of pro-oxidant ferrous ions was 
significantly (at p<0.05) strongest on the 2nd-stage 
extract (389.73±16.71 µg/ml), demonstrating its 
preventive antioxidant capability. This was reflected 
in its superior ability to chelate Fe2+ ions compared 
to the other stages (1st-stage extract = 830.29±37.13 
µg/ml and final-stage extract = 1190.48±54.35 µg/
ml). The final-stage extract demonstrated the weakest 
preventive antioxidant capacity. All extract stages 
had the preventive antioxidant capacity weaker than 
the standard of ferrous ion chelator, namely EDTA 
(19.21±0.81 µg/ml). Nevertheless, they are stronger 
compared to the extract control (5813.95±255.87 µg/
ml).

4. Discussion

	 The present study highlights the effectiveness of MAE 
in serially extracting bioactive components of Sargassum 
cristaefolium brown seaweed using solvents of different 
polarities. This experiment successfully extracted diverse 
bioactive compounds, which demonstrated the significant 
antioxidant activities, phenolic and flavonoid contents, 
and rich health benefits, as indicated in Figures 2-5 and 
Table 2 and 3.
	 Table 1 presents a comparative analysis of different 
extraction techniques applied to Sargassum cristaefolium, 

Table 3. Continued

Bioactive compounds

Betaine

Valpromide

Monoolein

Bioactivity/health beneficial 
reports

Antioxidant, anti-inflammatory, 
anti-nekrotik, neuroprotective, 
anticancer (Arumugam et al. 
2021)

Antiepilepsy, antipsikotic (Bialer 
1991)

Reduces the risk of chronic lung 
disease (Chan et al. 2022)

Antitumor (Rongpan et al. 2558)

Area (Max.)
Formula

C5H11NO2

CHN5S

C21H41O2P

118.00

115.97

356.28

0.929

0.966

13.275

-

-

-

-

-

-

341,146,295

20,256,255

556,438

MW (g/mol) RT (min)
1st-stage 
extract

2nd-stage 
extract

Final-stage 
extract

Total

-: not present, MW: molecular weight, RT: retention time	

Contains 12 
bioactive 

compounds

Contains 7 
bioactive 

compounds

Contains 10 
bioactive 

compounds
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Figure 3. Primary antioxidant activity on free radical scavenging of Sargassum cristaefolium brown seaweed extracts

Figure 4. Preventive antioxidant activity on pro-oxidant ferrous ion chelating of Sargassum cristaefolium brown seaweed extracts
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Figure 5. FTIR spectral analysis of Sargassum cristaefolium brown seaweed extracts (1st-stage, 2nd-stage, and final-stage extracts)
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highlighting the efficiency of MAE in comparison to 
conventional and advanced methods. The results 
demonstrate that MAE offers significant advantages 
in terms of extraction efficiency, yield of bioactive 
compounds, and antioxidant activity. MAE exhibits higher 
extraction speeds but may be less selective in targeting 
specific bioactive compounds without optimized solvents. 
So, it must pay attention to a used solvent system, enabling 
selective extraction of phenolic and flavonoid compounds 
with optimal antioxidant activities. Despite its advantages, 
MAE also has some limitations. Thermal degradation 
risks due to microwave heating can negatively affect 
thermolabile bioactive compounds, potentially reducing 
the bioactivity of certain sensitive molecules. Moreover, 
scale-up feasibility remains a challenge, as industrial MAE 
requires precise optimization of power settings, solvent 
ratios, and extraction durations to maintain efficiency. 
Some studies suggested that combining MAE with other 
techniques, such as enzyme-assisted extraction (EAE) 
or supercritical fluid extraction (SFE) (Amarante et al. 
2020; Lourenço-Lopes et al. 2023), could further enhance 
extraction yields and improve selectivity for functional 
applications.
	 The serial extraction with non-polar, semi-polar, and 
polar solvents enabled the selective isolation of distinct 
classes of bioactive compounds. Notably, the semi-polar 
solvent (ethyl acetate) yielded the 2nd-stage extract, which 
had the highest total phenolic and flavonoid contents and 
superior antioxidant activity. This supports the idea that 
semi-polar solvents are more effective for solubilizing 
phenolic and flavonoid compounds, which are known 
for their antioxidative and therapeutic properties (Deng 
et al. 2015; Payghami et al. 2015). In line with Murugan 
and Iyer (2013) and Zakaria et al. (2011) studies, results 
reported that semi-polar solvents (ethyl acetate) were 
more significant than other polarity solvents (n-hexane, 
chloroform, methanol, ethanol, acetone, and water) for 
phenolic and flavonoid extraction of seaweeds. Natural 
phenolic compounds are known to form more ether, 
ester, or glycoside compounds than free compounds. 
The solubility of phenol ester or ether compounds in polar 
solvents such as water is lower than free phenol compounds 
(Robinson 1991). Seaweed flavonoid aglycones are less 
polar than their glycosides. Flavanones are often found 
as aglycones such as naringenin (Robinson 1991). In 
addition, flavonoid aglycones, such as the flavanone 
group, methylated flavones, flavonols, isoflavones, 
and anthocyanidin aglycones, were less polar. So, it is 
reported that they are more suitable for extraction using 
semi-polar solvents such as ethyl acetate, chloroform, 

dichloromethane, or diethyl ether (Stankovic et al. 2011). 
In contrast, non-polar (n-hexane) and polar (methanol) 
solvents extracted compounds with lower phenolic and 
flavonoid content, demonstrating that solvent polarity 
directly influences extraction efficiency. Therefore, the 
2nd-stage extract had the highest antioxidant activity as 
well as significant total phenolic and flavonoid contents, 
indicating that this research is effective for obtaining 
antioxidative compounds from Sargassum cristaefolium 
brown seaweed.
	 The chemical profiles identified through GC-MS 
and LC-HRMS revealed a wide range of Sargassum 
cristaefolium bioactive compounds with diverse 
characteristics. This is in good accordance with Majchrzak 
et al. (2018) revelation that all volatile, medium-volatile, 
low-volatile, and non-volatile organic substances can 
be completely identified using GC-MS and LC-HRMS 
consolidations.
	 GC-MS analysis showed that Sargassum cristaefolium 
extracts contained various significant volatile bioactive 
compounds. Extraction with semi-polar (2nd-stage extract) 
and polar (final-stage extract) solvents produced more 
volatile compounds compared to non-polar (1st-stage 
extract) solvents. This indicates that volatile compounds 
in this seaweed are more easily extracted with solvents 
with medium to high polarity. The biological activities 
of these compounds, such as antioxidants, anticancer, 
and anti-inflammatory, indicate their potential for use in 
pharmaceutical and functional food applications (Esmat et 
al. 2020). Prominently, the 2nd-stage extract was dominant 
in volatile compounds like neophytadiene and phytol, 
which possess especially antioxidative, anti-inflammatory, 
and anticancer properties.
	 LC-HRMS was used to identify metabolomic 
bioactive compounds in Sargassum cristaefolium extract. 
LC-HRMS analysis further supported the finding of 
bioactive compounds, identifying bioactive metabolomic 
compounds such as tolbutamide, oleoylethanolamide, 
and R-palmitoyl-(2-methyl) ethanolamide, which exhibit 
antioxidative, anti-inflammatory, antidiabetic properties, 
etc. The 1st-stage extract yielded more compounds 
with hypoglycemic and neuroprotective activities. The 
2nd-stage extract focused more on antioxidative, anti-
inflammatory, and anticancer bioactivities since this 
extract contained dominant bioactive compounds such 
as oleoylethanolamide and R-Palmitoyl-(2-methyl) 
ethanolamide. The final-stage extract provided a rich 
compound profile with anti-infective and weight-loss 
activities. This suggests that Sargassum cristaefolium 
is a rich source of bioactive compounds with potential 
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for wide applications in health and pharmaceuticals. In 
addition, the diverse bioactive profiles reinforce the utility 
of serial extraction for capturing a broad spectrum of 
health-beneficial compounds.
	 The FTIR analysis of Sargassum cristaefolium 
extracts (Figure 5) revealed the presence of several 
functional groups indicative of bioactive compounds. 
The identification of alkanes, alkenes, aromatic rings, and 
phenolic structures confirms the presence of polyphenols, 
flavonoids, and hydrocarbon derivatives. These findings 
are consistent with previous studies on Sargassum species, 
where FTIR analysis has been widely used to validate 
the chemical composition of seaweed extracts and their 
functional properties (Albratty  et al. 2021; Moubayed et 
al. 2017). A notable observation from the FTIR spectra 
was the strong phenolic O–H stretching bands in the 
2nd-stage and final-stage extracts, correlating with their 
high phenolic and flavonoid content, as confirmed by 
total phenolic and flavonoid assays. The detection of 
carboxyl (C=O stretching at 1709.58 cm-1) and hydroxyl 
(O–H stretching at 3393.32 cm-1) groups in the final-stage 
extract further supports the presence of potent antioxidant 
compounds. These results align with earlier reports 
highlighting the structural characteristics of bioactive 
seaweed-derived polyphenols and their significant 
antioxidant potential (Končić et al. 2011).
	 Despite the effectiveness of FTIR in functional group 
identification, some limitations must be acknowledged. 
FTIR provides only qualitative information, making it 
necessary to complement this analysis with quantitative 
techniques such as Nuclear Magnetic Resonance (NMR) or 
Mass Spectrometry (MS) to precisely determine molecular 
structures. Additionally, the overlapping absorption bands 
in complex matrices like seaweed extracts can sometimes 
lead to ambiguous peak assignments. Alternative methods, 
such as Two-Dimensional Infrared Spectroscopy (2D-IR) 
or Raman Spectroscopy, may offer enhanced spectral 
resolution and minimize such ambiguities (Smith & Dent 
2013). Moreover, FTIR spectra interpretation is highly 
dependent on reference databases and prior knowledge 
of expected chemical structures, which may introduce 
subjectivity in peak assignments.
	 In comparison with other functional group identification 
techniques applied in marine bioactive compound 
research, FTIR remains a rapid and cost-effective 
approach. However, when a more detailed elucidation 
of chemical structures is required, coupling FTIR with 
advanced chromatographic techniques such as Gas 

Chromatography-Mass Spectrometry (GC-MS) or Liquid 
Chromatography-High Resolution Mass Spectrometry 
(LC-HRMS) is recommended. Such integrations have 
been successfully applied in prior studies for a more 
comprehensive characterization of bioactive compounds 
in macroalgae (Esmat et al. 2020). Future studies should 
consider employing a combination of spectroscopic and 
chromatographic techniques to achieve a more detailed 
chemical profiling of Sargassum cristaefolium extracts.
The antioxidant activity of the extracts was evaluated 
using primary (DPPH free radical scavenging) and 
preventive (ferrous ion chelating) assays. The 2nd-
stage extract exhibited the highest activity on DPPH 
free radical scavenging and pro-oxidative ferrous ion 
chelation, indicating strong antioxidative potential. 
These results underscore the role of semi-polar bioactive 
compounds in neutralizing oxidative stress, a key factor 
in the prevention of chronic diseases such as cancer and 
cardiovascular disorders (Končić et al. 2011). Although 
the antioxidant activities were lower than those of 
antioxidant standards like BHT, EDTA, and ascorbic acid, 
they were significantly higher than those of the control 
extract, demonstrating the effectiveness of the organic 
solvents in extracting functional bioactives of Sargassum 
cristaefolium. These findings underscore the potential of 
Sargassum cristaefolium extracts for functional foods and 
pharmaceutical applications in the future necessaries. 
Furthermore, the high phenolic and flavonoid contents, 
coupled with the observed antioxidant and bioactive 
profiles in Sargassum cristaefolium extracts, provide a 
scientific basis for potential therapeutics of oxidative 
stress-related diseases using seaweed-derived materials.
	 In conclusion, this study successfully demonstrates 
the potential of Sargassum cristaefolium as a rich source 
of antioxidant and bioactive compounds. It validates the 
application of MAE with polarity-serially solvent systems 
for efficient extraction. Each extraction stage produced 
different bioactive compound profiles, reflecting the 
success of the gradual method in completely separating 
compounds based on their polarity, especially the 2nd-
stage extraction using a semi-polar solvent, which was 
the most superior. Microwave technology has proven 
to be an efficient and effective method of extracting 
bioactive components from marine natural products. 
However, optimizing the method of bioactive component 
recovery with MAE requires a deep study in order for 
its application in pilot plants or the industrial sector to 
be feasible.
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